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ABSTRACT

Radiosensitivity of an animal, in terms of survival or death follow-

ing midlethal exposure, is thought to be related to the surviving number

of hematopoietic stem cells. After a sublethal exposure to radiation an

animals' sensitivity to a subsequent exposure (_IQO) might also be ex-

pected to be related to the number of stem cells which are present at

any given time. In the present experiments with mice, we have studied

the relationship between split-dose LDO5 and changes in the numbers of

nucleated cells in the femur and the femoral content of colony-forming

units (CFU's). These CPU's are proliferative cells in the marrow which

when transplanted ha-ve the capacity to form nodules in the spleens of

supralethally irradiated recipient mice. Many stem cell-like attributes

have been conferred to CJ's, and the CPU is frequently referred to as a

hematopoietic stem cell.

In the present c.periments, changes in marrow cellularity and CPU

content were studied for three weeks after exposure to 450 R, and pre-

liminary LDo's were determined at 5 or 14 days. One group of animals

was given bacterial endotoxin before the 450 R exposure. ADring the

first week after 450 R, the endotoxin-treated animals showed an acceler-

ated recovery in terms of numbers of nucleated marrow cells and CFU's,

and at •P-y 5 the femoral CFU content of the endotoxin-treated animals

was ten times as great as that of the controls. However, at this time

the LZO of the endotoxin-treated animals was only 50 R higher than the
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controls. At 14 days, the femoral CPU content of the control animals

ws approximately four-fold greater than that of the endotoxin-treated

group, but the LIZO's of the two groups were quite similar. Therefore,

in these experiments with endotoxin-treated and control animls., the

femoral CJUJ oontent and split-dose radiosensittvity have been found to

vwo- Independently.
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SUMMARY

The Problem:

After an initial sublethal exposure to radiation, th. senisitivity

of animals to a second exposure (LD5 0 ) is thought to be related to the

degree of injury remaining to the bone marrow, or conversely, the extent

to which "recovery" of the bone marrow has occurred after the initial

exposure. If a means were available by which the degree of injury to

the marrow or the extent of recovery of the marrow could be measured at

any given time, tho mortality expected from a second exposure could be

predicted.

The fln•,ingrs:

The numbers of nucleated bone marrow cells and the numbers cf colony-

forming units (CFU's) per femur have been measured at various times after

450 R in endctoxin-treated and control mice. The LM 0 's have also been

measured at 5 and 14 days after 450 R. The data show that although the

femoral CFU content of endotoxin-treated mice was ten times that of

controls at 5 days, the LDo of the endotoxdn-treatod group was only

50 R higher. At 14 days, the femoral CPU content of the control animals

was four times that of the endotoxin animals but the LDo's were similar.

These date indicate that CFU content of the femur %nd LD5O vary in-

dependently, and thiat the content of CFV's, which have been called the

hematopoietic stem cells, does not predict sensitivity to a second

radiation exposure.
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INTRODCTION

When mice are given midlethal exposures to X or y radiation, the

resulting syndrome is characterized by injury to the bone marrow and a

marked decrease in the numbers of leukocytes and other cellular elements

in the peripheral blood (1). The pancytopenia is ultimately attributed

to radiation injury to the aematopoietic stem cell, that is, the killing

of stem cells (1). Whether ,i animal survives or succumbs following nie-

lethal exposure is influenced by the surviving number of stem cells and

the rate at whica stem cells and their progeny proliferate and repopulate

the hematopoietic system l).

Recuperation of a cell popalation from radiation injury appears to

bc clivided into a- least two phases: (1) the first 24-48 hours during

which cellular or molecular rerair of sublethal injury occurs, and (2)

subsequent proiiferation of the surviving cells These recuperative

processes occur in i1:radiated cells cultured in vitr (2, 3, 4) and they

may also c-'eur in hc:.top:ictic stem cells irradiated in vivo (5, 6).

2:etU.odz are now available that enable qanatitation of a Lroup of

marrow or spleen cells which, after transplantation, have the capaeity

to proliferate and form nodules or colonies in the spleens of supra-

lethally irradiated recipient mice (7, 8). These colorty-forming units

(CFJ's) are thought to be hematopoletic stem cells (1) althouCh this has

not been conclusively demonstrated. Assuming that the size of the

hematopoictic stem cell population plsAys a dominant role in determir4.ng
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radiosensitivity of an animal folluw.inE sublethal irradiation, the extent

of stem cell proliferation might be expected to correlate witlh, or even

predict, the sensitivity to d second radiation exposure Tf tae CFU is

the stew cell or if the number of CFU'i is directly related to the number

of stem cells, the number of CFU'3 at any given time should predict, at

least qualitatively, the senditivity of an animal to a second radiation

exposure following sublethal irradiation.

An earlier report Iealt with the extent to which the numbers ..f

CFU's in the marrow or the numbers of endogenous C¶J's in the spleen of

mice could be correlated with the radiation-protectloa produced 4¥

bacterial endotoxin (9). Those data shcwed that in certain reespects ýh.

numbers of CRJ's djd qual'+atively correlate with the extent of radiation

protection. However, by vaý-ying the time of endotoxin injection reLa~ive

to irradiation., a procedure which influences both th. extent of protectior.

and the number of endoGenous CX's, it was snown t:hat radiaticn-pro.e-tion

and spleen CFU content varied independently. Recently, Smrith, et al.

reported similar finaiines (13).

In the present experiments we nave used the netho4 o:" Lone •rr•w

transplantai-on to deterraine the extent to whic,, the nu2ber of ferworal

C:;'z correlsn. with split-dose raiosensitlvIx .n cndztoxin-trated

and control r..ice.

M'TIAL AID Z METOIM6

",Ow anizmal- used were female LAU 1 'ibc between a- and - months of a

"• icn 'ere bred in this lAborawory. Tuey were pla•-ed in lu.:Ite tibes
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which were pLiced on a rotary turntable for whole-body irradiation with

2:,Q I'vp X rays. The TSD was 40 inches, hVL 1.49 mm of Cua and the dose

,-ate was 2i v., -' Rin/mn. Endotoxkn used in these experiments was PIROM,

a hij purified Pseudomonas polysacclharide (PP) which was saipplied by

Alint .aton and Company. In all experiaents a dose of 50 micrograma was

1iven intravenously in a voi'me of 0.05 cc.

Bone raarrow was obtained by methods previously described (9). The

.narrow preparations were counted and appropriate, dilutions injected into

supralet.all (900 R) irradiated recipients to det-eaine CFJU/10 5 cells.

The irradiated recipients were housed singly, and their spleens were

.arvested 3 days after injection. Spleen nodul1es greater than .24 mm

were counted with a dissecting microscope and from these data total

nucleated cells, tctal femur CFU content and CFu's10o5 nucleated cells

were leter•ained. The C• coumts have not been corrected for the fraction

of injeŽctecId CFU's which do not produce nodules in the spleen.

2J0o -rtups of mice wcre used for sinjle doae LDo/ 3 0 dterminatoions.

J..c j:•• of aice zeccim.d 50 W; of endotox.Ln intravenously 24 hours be-

're irradiatton, the zt'ier se-rned as non-injected controls. Survival

vz rccordiJ for 3d Jays. Median letUal doses (LD /3 ') and other

4" were o .omputed by metliod. pre-lously described (9)

Recovery :.'rem te initial radlatiozi iriijry -was st: -led by '.%e

>LAs&Cfll s-lit-cosc tecb.nique. Groups of controi and endo: xin, treated

-ice receivdd an initial or conditior-:ii exposure of 450 I (- 2/3 of the

control LD 5 3 0 ). rose II ni-als wer then divided into severai g•rup
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and vere re-exposed at 5 or 14 days after the conditioning exposure to

detemine the LD50 . The difference between the single exposure LD50 and

the redetermined ID_0 represents an estimate of the amount of injury

remaining from the conditioning exposure at the time tested.

RESULTS

The bone marrow cellularity, the total colony-forming unit (CFU's)

content per femur, and the CFU content per 105 nucleated cells were

measured before and at various times after 450 R. These measurements were

made i:n both endotoxin-treated (24 hours before 450 R) and control mice at

the various times. Figure 1 shows the changes in nucleated cell content

of the femur and total CMU content of the femur of endotoxin and control

mice. The nadir in nucleated cell count occurred at 3 days with the

endotoxin-treated mice dhowing a slightly less depression than did the

controls. Between 4 and 7 days the nucleated cell counts in the treated

animals were somewhat higher than in the controls, and at ll days the

cellularity had returmed to normal with some tendency towards an over-

shoot in the control animals.

Figure 1 also shows that the femurs of endotoxin-treated mice con-

tained about 70% more CWJ's than did the controls at the time of irradia-

tion. Following the initial fall the treated animals appeared to initi-

ate proliferation between 24 and 43 hours after irradiation while in

control mice the initiation of proliferation began between 40 and 72

hours. The CFJ content remains higher between days 1 and 7 in the treated

animals and a peak is reached 5 days aftcr irradiation in the e±dotoxin
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group. At that time they contained - 10 times as many CFU's as did con-

trol femurs (- 1900 vs. - 200). Subsequently there was an apparent re-

duction in the total CM-J content in the endotoxin-treated mice, whereas,

there was continuing proliferation in controls. The control mice sub-

sequently showed a 60% overshoot at 14 days which was not seen in the

endotoxin group, and both were near normal 23 a r irradiation.

Figure 2 shows the changes in CFU content per 105 nucleated femur

cells. This figure shows the relationship between changes in nucleated

cell count and in CYJ content. ]Dxing any period when the CPU content

increases proportionally to the nucleated cell content the curve would

be flat, such as between 3 and 9 to 11 days in the controls and between

9 and 14 days in the endotoxin-treated mice. In both groups, the numbers

of CPU's/10 5 cells felU to approximately the same level at 24 hours after

irradiation, and the treated animals showed an increase in ClUi's that

precedes the controls by about 24 hours. A peak is seen in endotoxin-

treated animals 5 days after ireadiation. This was succeeded by a

secondary fall and a return to normal at 23 days. In controls, there

was a rapid increase in CFU concentration during days 2 and 3, followed

by a plateau between days 3 and 7 at which Uime the CFU content was about

30,'• of norial. This ,as followed by a slower rise to the normal range

14 days after irradiation.

Table 1 contains the single exposure LDo detenninations and the

proliuiinar-y split-dose ID)50 determinations for endotoxin and control mice.

Twenty-four hours after endotoxin, the single exposure LDo was raised by
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217 R (924 R vs. 707 R). Fiv.. days after 450 R the LDO5 for the endo-

toxin-treated group was significantly higher than controls (672 R vs.

617 R). Fourteen days after 450 R, the LD5o's for the two groups did not

differ significantly.

DISCUSSION

In the present experiments we have measured the changes in nucleated

cell content and in the colony-forming unit (CFU's) content in the femurs

of sublethally irradiated mice. A comparison has been made between endo-

toxin-treated and non-treated mice, the object being to evaluate the

relationship bptween recovery of the bone marrow CFU content and split-

dose radiosensitivity.

The data show that endotox4 n (PP) given 24 hours before 450 P. in-

creased the marrow CFU content at the time of irradiation. This finding

is in contrast to the findings of Smith, et al. in which they report no

increase in CMU content after treatment with an endotoxin derived from S.

typhosa (11). The 70% increase in CYUJ's was not accompanied by a de-

tectable increase in the nucleated cell content (marrow cellularity).

The post-irradiation fall in CFU's was more rapid than tne fall in total

marrow cellularity. The fall in nucleated cell count is probably the

combined result of reduced production, cell death, a.:. lss of cells

through maturation and release into the circulation. The extent to which

release from the marrow influences the fall in CFU co. tent in either the

treated or the control group is not knowr4 although CFJ's are normally

released from the bone marrow at a constant rate (12, 13) and endotoxins

may ircrease the rate of release (9).
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The total Tall in CN content per femur at one day is of some in-

terest. The fall in the PP group was less than in the control group and

this may be the result of the slightly higher femur content of CFU's in

the PP animals at the time of exposure. In both the PP and control group

the surviving fraction, relative to the CPU count at the time of irradia-

tion fell to - .003. Assuming an extrapolation number of 2, this surviv-

ing fraction would indicate a Do of 88 R. This is well within the range

of radiosensitivity ascribed to the CFU (7, 8, 9).

The increase in femoral CFJ content oegan about 24 hours earlier in

the PP animals than in the control animals, and in both groups the in-

crease in CFJ content preceded the increase -In marrow cellularity by a

day or two. During the first 5 days the rate of increase in ClU content

may be higher in the PP than in the control animals, and this is also the

case for mainrow cellualarity between days 3 and 7. Such an early in-

crease in marrow cellularity and CRU's in endotoxin-treated animals has

sepn reported recently by Smith, et al. (1l). The endotoxin-treated

mice uay well begin their proliferation sooner as a result of the stimu-

lation of the CFU compartment by the endotoxin injection prior to irradi-

ation.

Figure 2 shows that in endotoxin-treated mice the increase in CFU's

was relatively greater than the increase in marrow cellularity during

the first 7 days after 450 R. In contrast, the control animals showed

an increase in CFU's which was more or less proportional to the increase

in marrow cellularity letween 3 and U1 days after irradiation. This
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figure also shows a decrease after day 7 in the number of CFU¶'s/10 5

marrow cells. The reason for this decrease is not known, but any of the

following factors could produce this effects depletion of the population

from which CPU's ;.Pe produced, response to feed-back inhibition, migra-

tion from the marrow, maturation into non-proliferative cells, or the

decline '-my be indicative of "abortive regeneration" in the CPU compart-

ment.

At Ul and 14 days an "overshoot" in marrow cellulasity was observed

in both groups, and an overshoot in CPU's was observed in the controls

but not in the PP animals. During this time the CFU content in the PP

animals was lower than in the controls, the PP animals thus behaving as

if the earlier production of CFU's waz at the expense of CAU content at

U and 14 days.

The present data offer a unique oportunity to determine the extent

to which CmU content or nucleated cell content can be correlated with

split-dose radiosensitivity. If the CFU is the hematopoietic stem cell

or if at any given time the CFU content Is directly related to the size

of the stem cell ropulation, then animals with a higher CFU content

would be expected to have a higher LDO. The same would be the case for

nucleated cell content if it is assumed that an increase in th.- nucleated

cell content is indicative of an increase in the stem cell content. Juch

an assumption of a direct relation may be readily challenged in theoretical
.rouns, dependsng upon the relationship which is assumed between re-

population of the 3tem cell compartment(s) and t.*e numbers of cells which
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move !, o the dividing, and maturing compartment(s).

Tne present split-dose LD)5 0 data, although preliminary, indicate

that sp' -dose radiosensitivity and femoral CPU content or marrow

cellularity varj independently. At 5 days after 450 R the femoral CPU

content in the PP animals was about 10 greater than in the controlL and

the marrow celluIarity was about 3-fold greater. At this time the LD0

of ,he PP animais ,ms 55 R higher than in the controls which is markedly

low: r tan the ~ 2 ID R difference predicted by a ten-fold differono In

tr r•.u~ber of Cp.'- with a •7 of - 90 R. At 14 dcays the LD) 's for the
1 50

?'F rid conrrol ar•£:als were essentially the same, althcugh the CN con-

teý -,vas n Jc-t 4-fold 1reater in the control animals than in the PP

anal Is, a:.d t.-- 3arrow cellul&arity was - 50% greater in the rP animals.

One farther infertnce may be drawn regarding the relationship between

recuperation from radiation injury, as evaluated by the split-dose

technique and femoral (,FU content. In mice the rate of recuperation is

such that 504 of the injury is repaired by 2-4 days after an acute expo-

sure (6). In contrast, the present data show that the femorsl CPU con-

te n l •.Ls not approxtaate 50ý% of noimal in control mice until - 9 days.

At ' days the animals 4ad recuperated from - 80o% of the initial injury,

and :. that ti;.e the fcmoral CFJ content was - 5% of normal. At 14 days

the !u showed i-.ý u±ration 'from )0% of the initial injury, where-

as, the CpU 2onte:t .,m 5z above normal. Therefore, the rate of recu-

perettion is more ral-i titan i• the rate of CPU repopl~ation of the femur.

-he value and lidespread application of the various spleen CPU

tecýlniques for ztudying the various radiobiologie. and py1iological

9



responses are well established (1, 7, 8, 12, 14, 15). A logical out-

growth of these findings has been to equate the CAU and the bone marrow

stem el11, or to assume that changes in the numbers of CPU closely re-

flect changes in stem cell populations. The present data indicate that

with the methods available now, and the inherent problems in the method-

ology and interpretation, measurable changes in CPU content of the bone

marrow do not correlate with variations in split-dose radiosensitivity,

and thereftre may not closely reflect changes in the stem cell popila-

tion. The following are some of the factors which my have bearing:

(a) T CPUJ may not be related closely enough to the "stem cell" to

accurately reflect the changes in this cell population. (b) The bone

marrow "stem cell" and CPU may be closely related or in fact the same,

but are not the principle factor in determining split-dose radiation

sensitivity. (c) After an initial exposure the bone marrow stem cells

or CPFUs may have different physical characteristics which prevent an

accurate assessment of their total numbers by the commonly used trans-

plantation techniques.

Studies are continuing wilch makr permit us to better understand

repair and recovery processes In the bc.:ýe marrow and the irnfluenoe(s) of

endotoxin on these processes.
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TABLE 1

THE EFFECT OF ENDO¶OXIN ON SINGIZ AND SPLIT-DUBE LDfo

Number
of LD5/30

Treatment Mice
Single •,•xsure

Endotoxin a 79 924 (9 1 5 - 9 3 6 )b

Controls 130 707 (691-723)

split Dosec

5 Day Endotoxin 5> 672 (569-687)

Control 58 617 (597-642)

14 Day Endotoxin 50 680 (665-700)

Control 70 673 (658-693)

50 jig 24 hours before irradiation.

bBrackets include 95% confidence limits.

c-Initial exposure 450 R; 50 pg of endotoxin given before the initial

exposure only.
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the endotoxin-treated animals was only 50 R higher than the controlr. At 14 days,
the femoral CFU content of the contrc2 animals was approximately foar-fold greater

than that of the endotoxin-treated group, but the LD~so of the two groups were

uite similar. Therefore, in these experiments with endotoxin-treated and control
imals, the femoral CFU content and split-dose radiosensitivity have been found to
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